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Abstract 
This paper reviews the literature published since 1994 related to the behaviour of 
composite materials at low and cryogenic temperatures. The material properties 
addressed are: tensile, compressive and shear strength, elastic modulus and stress-
strain behaviour; mechanical and thermal fatigue response; fracture toughness; impact 
resistance; thermal expansion and thermal conductivity; tribology and wear; 
permeability. The underlying physical principles responsible for the behaviour at cold 
temperatures are also discussed. Finally, the challenges related to cryogenic 
experimental testing are introduced. 
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AF Aramid fibre 
BMI Bismaleimide 
CF Carbon fibre 
CFRP Carbon fibre reinforced polymer 
COPV Composite overwrapped pressure vessel 
CT Cryogenic temperature 
CTE Coefficient of thermal expansion 
DCPD Dicyclopentadiene 
𝐸 Elastic modulus 
𝐸𝐵 Absorbed energy 
𝐸𝐹 Flexural modulus 
𝐸1 Longitudinal elastic modulus 
𝐸1𝐶  Longitudinal elastic modulus in compression 
𝐸1𝑇 Longitudinal elastic modulus in tension 
𝐸2  Transverse elastic modulus 
𝐸2𝐶  Transverse elastic modulus in compression 
𝐸2𝑇 Transverse elastic modulus in tension 
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𝐸3𝑇 Out-of-plane elastic modulus in tension 
𝐺𝐶  Critical strain energy release rate 
GF Glass fibre 
GFRP Glass fibre reinforced polymer 
𝐺𝑛 Strain energy release rate, 𝑛 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼 referring to mode 𝐼, 𝐼𝐼 and 𝐼𝐼𝐼 
𝐺𝑛𝐶  Critical strain energy release rate, 𝑛 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼 referring to mode 𝐼, 𝐼𝐼 and 
𝐼𝐼𝐼 
𝐺𝑇𝐶  Total critical strain energy release rate 
𝐺12 Shear modulus in plane 12 
HT High temperature 
𝐼 Impact strength 
ILSS Interlaminar shear strength 
IPSS In-plane shear strength 
𝐾𝐼𝐶  Mode I fracture toughness 
LCH4 Liquid methane 
LCP Liquid crystal polymer 
LEO Low Earth orbit 
LHe Liquid helium 
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LH2 Liquid hydrogen 
LNG Liquefied natural gas 
LN2 Liquid nitrogen 
LOX Liquid oxygen 
LT Low temperature 
MWK Multi-axial warp 
PA Polyamide 










RLV Reusable launch vehicles 
6 
 
RT Room temperature 
𝑆𝐹 Flexural strength 
𝑆𝑇 Tensile strength 
SEM Scanning electron microscopy 
𝑇𝑔 Glass transition temperature 
UD Unidirectional 
VE Vinyl ester 
𝑋𝐶 Longitudinal compressive strength 
𝑌𝐶  Transverse compressive strength 
𝑋𝐹 Longitudinal flexural strength 
𝑋𝑇 Longitudinal tensile strength 
𝑌𝑇 Transverse tensile strength 
𝑍𝑇  Out-of-plane tensile strength 
∆𝑇 Temperature difference 
𝜀 Tensile elongation at break 
𝜀𝐹 Flexural elongation at break 
𝜀1𝑇 Longitudinal tensile elongation at break 
𝜀2𝑇 Transverse tensile elongation at break 
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𝜀3𝑇 Out-of-plane tensile elongation at break 
𝜅 Thermal conductivity 
𝜈 Poisson’s ratio 
𝜈𝑛 Poisson’s ratio, 𝑛 = 12, 21, 23 referring to planes 12, 21 and 23 
↑ Property increase 
↓ Property decrease 
 
1. Introduction 
Fibre reinforced polymer composites are the primary material to be used in many 
industries, which has led to the extensive characterisation and understanding of their 
behaviour in ambient conditions. However, there are extremities both within and 
beyond the Earth’s atmosphere that require structures to operate at cold (cryogenic) 
temperatures, where the response of the material can change significantly. 
Applications include liquid propellant tanks (usually composite overwrapped pressure 
vessels or COPVs); satellite, spacecraft and launch vehicle structures; aircraft 
structures at cruising altitude; support elements (struts and straps) and electrical 
insulation for superconducting magnets and devices operating at cryogenic 
temperatures; Arctic exploration structures (usually boat structures). 
To design structures for these extreme applications, it is necessary to understand the 
effect of low and cryogenic temperatures on composite materials. This review paper 
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aims to cover the literature on material properties, failure mechanisms and 
experimental procedures, and to establish trends for future research. 
Although there is not a distinct temperature point that defines the field of cryogenics, 
it is usually referred to as -150 °C, below which the boiling points of oxygen, nitrogen, 
hydrogen and helium occur. The upper limit of the so-called “high-temperature” 
cryogenics is at -50 °C, which is also chosen for the upper temperature to be addressed 
in this work. This paper refers to the -273 °C (0 K) to -150 °C (123 K) range as cryogenic 
temperature (CT), the -150 °C (123 K) to -50 °C (223 K) range as low temperature (LT) 
and approximately 23 °C as room temperature (RT). Nominal temperatures of interest 
can be seen in Table 1. 
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Table 1. Temperatures of interest for the investigation of cryogenic and low 
temperature composites 
Description [K] [°C] Category 
Room temperature 296 23 RT 
Design temperature for Arctic conditions 223 -50 LT 
Design temperature for aircraft components 216 -57 LT 
Solid carbon dioxide (dry ice) 195 -78 LT 
Design temperature for cubesats 188 -85 LT 
Lowest temperature measured on Earth 184 -89 LT 
Liquid methane (LCH4) or natural gas (LNG) 111 -162 CT 
Lowest temperature in low Earth orbit (LEO) 103 -170 CT 
Liquid oxygen (LOX) 90 -183 CT 
Liquid nitrogen (LN2) 77 -196 CT 
Liquid hydrogen (LH2) 20 -253 CT 
Liquid helium (LHe) 4.2 -269 CT 
Temperature in empty space 3 -270 CT 
Absolute zero 0 -273 CT 
 
This work focuses on the literature published since 1994, the year of the latest 
comprehensive review article written in this field by Reed and Golda [1], accounting 
for the literature between 1980 and 1994. Newer review articles have been published 
by Schultz [2], Aoki et al. [3], Fu et al. [4], Horiuchi et al. [5], Sethi et al. [6], Li et al. [7], 
Yano et al. [8] and Bay et al. [9], but they have limited coverage of the literature or 
address only indirectly related topics. For the sake of completeness, the reader can 
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refer to older review articles covering the periods of 1975-1981 [10] and 1960-1975 
[11–13] and reviews on cryogenic strap and strut structures [14,15]. 
2. Material properties 
2.1. Modulus, strain and strength 
2.1.1. Tension 
The Young’s modulus and tensile strength of the matrix tend to increase with 
decreasing temperature.  
The reason for this is the reduction in polymer chain mobility, which increases the 
binding forces between the molecules, and therefore the strength of the material. 
Furthermore, according to the principle of time-temperature superposition, the lower 
the temperature, the more time it takes for stresses to relax. At cryogenic 
temperatures the relaxation can be completely arrested, resulting in increased 
stiffness [16–21]. See Table 2 for the summary of the effects of low and cryogenic 
temperatures on the material properties of resins. 
Table 2. Summary of the effect of low and cryogenic temperatures on resin material 
properties 
Resin T [K] Property change compared to RT Ref. 
Thermoset resin 
Epoxy (CYD-128) 77 𝐸↑72%, 𝑆𝑇↑26%, 𝜀↓33% [18] 
Epoxy (DGEBA) 4 𝐸↑172%, 𝜈↑52% [22] 
Epoxy (DGEBA) 77 𝐸↑112%, 𝜈↑38% [22] 
Epoxy (DGEBF) 93 𝐸↑133% [23] 
Epoxy (DGEBF) 90 𝐸↑206%, 𝑆𝑇↑66%, 𝜀↓64% [24] 
Epoxy (DGEBF) 77 𝑆𝑇↑, 𝜀↓ [25] 
Epoxy (DGEBF) 77 𝐸↑42% [26] 
Epoxy (DGEBF) 77 𝐸↑37%, 𝑆𝑇↑19%, 𝜀↓35% [27] 
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Epoxy (DGEBF) 77 𝐸↑72%, 𝑆𝑇↑26%, 𝜀↓46% [20] 
Epoxy (R608) 77 𝐸↑34%, 𝐸𝐹↑126%, 𝑆𝐹↑65%,  𝑆𝑇↓24%, 𝜀↓62% [28] 
Epoxy (WSR615) 77 𝐸↑, 𝑆𝑇↑ [29] 
Epoxy (YD-128) 77 𝐸↑73%, 𝑆𝑇↑19%, 𝜀↓ [30] 
Epoxy (YD-128) 77 𝐸↑79%, 𝑆𝑇↑25%, 𝜀↓ [31] 
Epoxy (828) 153 𝐸↑136%, 𝑆𝑇↓, 𝜀↓ [32] 
DCPD 77 𝐸↑, 𝑆𝑇↑, 𝜀↓ [33] 
Thermoplastic resin 
PEEK 4 𝐸↑100% [34] 
PEEK 77 𝐸↑74% [34] 
PES 77 𝐸↑, 𝐸𝐹↑, 𝑆𝐹↑, 𝑆𝑇↑, 𝜀↓, 𝜀𝐹↓ [17] 
PES 77 𝐸↑62% [35] 
PA12 77 𝐸↑224% [35] 
PC 77 𝐸↑91%, 𝑆𝑇↑140%, 𝜀↓ [36] 
PI (PETI-5) 84 𝐸↑150%, 𝑆𝑇↑98%, 𝜀↓83% [37] 
PI (8515) 84 𝐸↑97%, 𝑆𝑇↑11%, 𝜀↓53% [37] 
PI (5050) 85 𝐸↑104%, 𝑆𝑇↑34%, 𝜀↓69% [37] 
Thermoset/thermoplastic resin 
LCP (LCR) 84 𝐸↑143%, 𝑆𝑇↓29%, 𝜀↓78% [37] 
 
The behaviour of single carbon fibres at CT was explored by Zhang et al. [38]. Unlike 
polymers, the molecular structure of fibres is not homogeneous, and due to the high-
temperature heat treatment applied during manufacturing, the level of their 
crystallinity and molecular orientation is already near optimal. Thus, further 
improvement cannot be practically achieved by exposing them to cryogenic 
temperatures and their modulus increases only marginally [39]. Due to the cracking of 
the carbon fibre (CF) surface at CT (see Section 2.5 for description), the single fibre 
strength decreases with decreasing temperature. Kevlar fibres (or aramid fibres, AF), 
however, possess different molecular structure and increased strength can be 
achieved with cryogenic treatment [40]. 
However, the effect of reduced carbon fibre strength is overshadowed by the effect of 
the increased fibre-resin interface strength at CT, which is related to the thermal 
expansion of the constituents and is discussed in depth in Section 2.5. Subsequently, 
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the longitudinal Young’s modulus and tensile strength of the composite also increases 
with decreasing temperature. As the transverse strength and stiffness properties are 
dominated by the resin and fibre-resin interface, transverse property improvement at 
CT is also evident for fibre-reinforced composites. Only a marginal portion of the 
literature mentions decreased longitudinal composite strength: [41,42] for UD epoxy, 
[43] for woven epoxy and [44–46] for UD thermoplastic composites. A possible 
explanation can be the internal stresses present in the laminate due to the thermal 
expansion of the fibre and resin during cooldown from cure temperature to RT, then to 
cryogenic temperatures. The thermal expansion phenomenon is addressed in Section 
2.5. See Table 3 for the summary of the effects of low and cryogenic temperatures on 
the tensile material properties of composites. 
Table 3. Summary of the effect of low and cryogenic temperatures on the tensile 
properties of composites. In those cases, where several types of material structures 
were investigated, only the most beneficial content is cited 
Resin Fibre Structure T [K] Property change compared to RT Ref. 





UD 123 𝐸1𝑇↑16%, 𝑋𝑇↓9% [41] 
Epoxy 
(DGEBA) 















UD 93 𝐸1𝑇=, 𝐸2𝑇↑49% [23] 
Epoxy (E618) CF (TC-
33) 







77 𝐸𝐹↑50%, 𝐸1𝑇↑47%, 𝑋𝐹↑81%, 
𝑋𝑇↑58%, 𝜀1𝑇↑8% 
[50] 
Epoxy (R118) CF 
(T300) 







Woven 77 𝐸𝐹↓2%, 𝑋𝐹↓1% [51] 
Epoxy (R608) CF 
(M40) 
UD 77 𝑋𝐹↑, 𝑋𝑇↑ [28] 
Epoxy (828) CF 
(HM50) 
UD 77 𝐸1𝑇↑36%, 𝑋𝑇↓10%, 𝜀1𝑇↓53% [42] 
Epoxy (862) CF Woven 77 𝐸𝐹↓4%, 𝐸1𝑇=, 𝑋𝐹↓4%, 𝑋𝑇↓3% [52] 
Epoxy (977-2) CF (IM7) UD 77 𝐸2𝑇↑37%, 𝑌𝑇↑12% [53] 
Epoxy (977-3) CF (IM7) UD 77 𝐸2𝑇↑21%, 𝑌𝑇↑29% [54] 
Epoxy (3633) CF 
(T800H) 
Woven 4 𝐸1𝑇↑8%, 𝐸2𝑇↓2%, 𝜈12↑49% [55] 
Epoxy (3633) CF 
(T800H) 
Woven 4 𝑋𝑇↓15% [43] 
Epoxy (3633) CF 
(T800H) 
Woven 77 𝑋𝑇↓5%, 𝑌𝑇↓20% [43] 
VE CF UD 173 𝐸𝐹↑, 𝑋𝐹↑55%, 𝜀𝐹↑ [56] 










Woven 77 𝐸3𝑇↑75% (Type A specimen), 






Woven 77 𝐸𝐹↑25%, 𝐸1𝑇↑31%, 𝐸2𝑇↑14%, 
𝑋𝐹↑94%, 𝑋𝑇↑94%, 𝜈12↑36% 
[59] 
Epoxy (E51) GF (E-
glass) 















Woven 77 𝐸1𝑇↑22%, 𝑋𝑇↑91%, 𝜈12↑28% [60] 
Epoxy (ML-
506) 










77 𝐸𝐹↑100% (type A), 𝑋𝐹↑89% (type 
A), 𝜀𝐹↑ (types B and C) 
[62] 
Thermoset resin – Other fibre 
Epoxy PE Nonwoven 77 𝐸𝐹↑96%, 𝐸1𝑇↑80%, 𝑋𝐹↑63%, 
𝑋𝑇↑55%, 𝜀𝐹↓, 𝜀1𝑇↓25% 
[63] 
Epoxy (828) AF UD 77 𝐸1𝑇↑33%, 𝑋𝑇↓13%, 𝜀1𝑇↓52% [42] 
Epoxy (862) AF Woven 77 𝐸𝐹↓1%, 𝐸1𝑇↓5%, 𝑋𝐹↓2%, 𝑋𝑇↓2% [52] 
Epoxy (1266) Zylon UD 77 𝐸1𝑇↑8%, 𝑋𝑇↑30% [64] 
Thermoplastic resin – Carbon fibre 
BMI (QY9611) CF 
(ZT7H) 
UD 153 𝐸1𝑇↓5%, 𝐸2𝑇↑24%, 𝑋𝑇↓24%, 
𝑌𝑇↓31%, 𝜀1𝑇↓, 𝜀2𝑇↓ 
[44] 
BMI (QY9611) CF 
(ZT7H) 
UD 153 𝐸2𝑇↑24%, 𝑋𝑇↓18%, 𝜀2𝑇↓, 
𝜈21↑52% 
[45] 
BMI (5250-4) CF (IM7) UD 77 𝐸2𝑇↑9%, 𝑌𝑇↑12% [53] 
BMI (5250-4) CF (IM7) UD 77 𝐸1𝑇↑1%, 𝐸2𝑇↑15%, 𝜈12=, 𝜈23= [65] 
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PEEK CF (AS4) UD 4 𝐸1𝑇↑11%, 𝐸2𝑇↑41%  [34] 
PEEK CF (AS4) UD 77 𝐸1𝑇↑10%, 𝐸2𝑇↑34%  [34] 
PES CF (C30 
S003/6 
APS) 
Short fibre 77 𝐸𝐹↑, 𝐸1𝑇↑, 𝑋𝐹↑, 𝑋𝑇↑, 𝜀𝐹↑, 𝜀1𝑇↑ [17] 
PI (AFR-PE-4) CF 
(T650) 
UD 77 𝑌𝑇↑ [66] 
PI (PETI-5) CF (IM7) UD 4 𝐸1𝑇↓8%, 𝐸2𝑇↓10%, 𝑋𝑇↓22%, 
𝑌𝑇↓77% 
[46] 
PI (PETI-5) CF (IM7) UD 77 𝐸1𝑇↓4%, 𝐸2𝑇↓14%, 𝑋𝑇↓16%, 
𝑌𝑇↑23% 
[46] 
Thermoplastic resin – Glass fibre 
PEEK GF Chopped 
fibre 
20 𝐸𝐹↑14%, 𝐸1𝑇↑57%, 𝑋𝐹↓15%, 
𝑋𝑇↑44%, 𝜀1𝑇↓20% 
[19] 
PEEK GF Chopped 
fibre 
77 𝐸𝐹↑7%, 𝐸1𝑇↑35%, 𝑋𝐹↓7%, 
𝑋𝑇↑38%, 𝜀1𝑇↓13% 
[19] 
Thermoplastic resin – Other fibre 
PP PP Woven 77 𝐸𝐹↑114%, 𝑋𝐹↑34%, 𝜀𝐹↓50% [67] 
 
As the resin loses its ductility and increases its stiffness at CT, the elongation at break 
and fracture toughness (see section 2.3) decrease at the same time. The same effect 
occurs with single carbon fibres [39], whereas glass fibres (GF) experienced increased 
elongation at break [68]. The latter case was explained by the author as a structural 
level phenomenon: cracks accumulate at CT but cannot extend to trigger complete 
material failure, instead their density increases, which acts as a stress relief and 
enables larger elongation. The creep of Kevlar fibres was measured by Bersani et al. 
and the material showed excellent response at 4.2 K [69]. 
The fracture of carbon fibre/bismaleimide unidirectional laminates in tension can be 
seen in Fig. 1. The specimen tested at -120 °C shows a clear fracture plane 
perpendicular to loading direction (Fig. 1a). The RT specimen (Fig. 1b) is shattered into 





Fig. 1. Fracture of carbon fibre/bismaleimide unidirectional laminates in tension: a) at -
120 °C b) at RT (Reproduced by permission of the copyright holder from [44]. Selected 
images are cropped from the original figure.) 
Poisson’s ratio should become lower with decreasing temperature due to the 
increased stiffness of the resin [70], but several authors reported increased values at 
CT [45,55,59,60]. A possible explanation can be the difference in increase in 
longitudinal (𝐸1) and transverse (𝐸2) elastic modulus. If 𝐸1 is more sensitive to 
decreasing temperature, then the relative difference between 𝐸1 and 𝐸2 will increase 
too, thus the longitudinal Poisson’s ratio becomes higher. 
2.1.2. Compression 
Similarly to tension, the molecular behaviour of the resin at CT is reflected in the 
compressive properties: the compressive modulus and strength of the resin increase 
and the failure strain decrease with decreasing temperature [71,72]. 
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Kevlar fibres have a fibrillar microstructure, anisotropic thermal contraction and low 
adhesion to the matrix (see Section 2.5), which leads to low compressive strength. 
Boron fibres have large diameter, which leads to increased compressive strength 
(based on composite properties [2]). Whereas these properties are true for RT 
conditions, it is important to point out the applicability of Kevlar fibres, as they can be 
the optimal or avoidable choice for tension and compression in cold temperatures, 
respectively.  
As the matrix is responsible for supporting the fibres when subjected to compressive 
loading, its increased stiffness and the increased fibre-resin interfacial strength provide 
increased longitudinal compressive strength and stiffness for composite materials. The 
improved support also shifts the failure from kinking to fracture at lower temperatures 
[61,73–75]. Table 4 summarises the effects of low and cryogenic temperatures on the 
compressive material properties of composites. 
Table 4. Summary of the effect of low and cryogenic temperatures on compressive 
properties of composites. In those cases, where several types of material structures 
were investigated, only the most beneficial content is cited 
Resin Fibre Structure T [K] Property change compared to RT Ref. 
Thermoset resin – Carbon fibre 
Epoxy CF 
(T700) 















77 𝐸1𝐶↑50%, 𝐸2𝐶↓26%, 𝑋𝐶↑27%, 
𝑌𝐶↑73% 
[77] 
Epoxy (R608) CF 
(M40) 












UD 77 𝑋𝐶↑, 𝑌𝐶↑ [48] 
Thermoset resin – Glass fibre 
Epoxy GF (E-
glass) 
UD 213 𝐸1𝐶↑15%, 𝑋𝐶↑10% [73] 
Epoxy (ML-
506) 














Woven 77 𝑋𝐶↑142%, 𝑌𝐶↑117% [79] 
Thermoset resin – Other fibre 
Epoxy PE Nonwoven 77 𝐸1𝐶↑94% [63] 
Thermoplastic resin 
BMI (QY9611) CF 
(ZT7H) 
UD 153 𝐸1𝐶↑1%, 𝐸2𝐶↑7%, 𝑋𝐶↑13%, 
𝑌𝐶↑23% 
[44] 
PI (PETI-5) CF 
(IM7) 
UD 4 𝐸1𝐶↑9%, 𝐸2𝐶↑10%, 𝑋𝐶↑39%, 
𝑌𝐶↑67% 
[46] 
PI (PETI-5) CF 
(IM7) 




Specimens subjected to three-point bending loading case also show improvement at 
CT, but as one side of the coupon is in tension and the other is in compression, the 
failure mechanism can change with decreasing temperature [56,62,80]. In one case, 
with unidirectional (UD) carbon fibre reinforced polymer (CFRP) composites, the 
kinking failure of the compression (top) face of the specimens transitioned into a crack 
failure at -60 °C and remained intact at -100 °C [56]. In another case, with woven glass 
fibre reinforced polymer (GFRP), the damage area became larger and multiple cracks 
appeared, or the intact surface became damaged at 196 °C [62]. 
There is a rising interest in the literature about the cryogenic behaviour of braided 
composites. Not only do these structures have enhanced compressive properties at 
lower temperatures, but they can be tailored to have near-zero coefficient of thermal 
expansion (CTE) by the optimisation of the braid angle [76,78,81–84]. 
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Pinned specimens delivered higher ultimate compressive and bearing strength [85] 
and higher yield strength [86] at low temperatures. (Note that the compression after 
impact (CAI) strength is addressed in Section 2.4.) 
2.1.3. Shear 
The shear behaviour of fibre-reinforced composites is primarily controlled by the 
behaviour of the matrix. As described above, in tension, the resin becomes more rigid, 
stronger, and its failure strain decreases at cold temperatures. When subjected to 
shear loading, these effects are also accompanied by the elimination of the 
nonlinearity in the shear stress – shear strain response with decreasing temperature 
[43]. This can be described by observing the scanning electron microscopy (SEM) 
images of the fractures surface of failed short-beam shear specimens (Fig. 2). The 
fracture surface consists of river patterns converging in the direction of the crack 
growth. At RT (Fig. 2b), these cusps are deeper and undergo larger deformation due to 
yielding, but at -100 °C (Fig. 2a) their size is smaller and their density is higher. This 
indicates sudden fracture upon specimen failure, and subsequent linear response in 




Fig. 2. SEM images of shear cracking in glass fibre/epoxy composites: a) at -100 °C  b) at 
RT (Reproduced by permission of the copyright holder from [87]. Selected images are 
cropped from the original figure. Arrows are unrelated to the context in this paper.) 
The secondary driving factor of shear strength is the fibre-resin interface. Woven 
Kevlar fibres demonstrated lower interlaminar shear strength (ILSS) than carbon fibres 
with the same resin at -196 °C [52] and in at other study at -100 °C [87]. This can be 
explained by the poor interfacial properties between Kevlar fibres and resins [87]. In 
the latter study, composites with glass fibre showed higher ILSS than with carbon 
fibres. However, the CFRP laminates did not show any improvement at LT compared to 
RT, which is contrary to the literature, as ILSS generally increases with decreasing 
temperature. 
Only a few investigations from Bay’s research group reported decreasing ILSS at cold 
temperatures [88–90], whereas Yang et al. reported reduction in in-plane shear 
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strength (IPSS) with bismaleimide (BMI) resin specimens at -120 °C [44]. Narita’s 
research group revealed lower ILSS at 20 K compared to RT [91], however, they also 
measured lower values at 4 K compared to 77 K (without RT comparison) in another 
work [92]. As most works do not cover temperatures below 77 K, based on the two 
works above, it is possible that the ILSS first increases with decreasing temperature, 
then decreases as the temperature approaches near-zero K. Again, a contributing 
factor can be the internal stresses in the laminate due to thermal expansion (see 
Section 2.5). It is possible that below 77 K these internal stresses become more critical 
than the stresses present in the material because of the mechanical loading. See Table 
5 for a summary of the effects of low and cryogenic temperatures on the shear 
material properties of composites. 
Table 5. Summary of the effect of low and cryogenic temperatures on shear properties 
of composites 
Resin Fibre Structure T [K] Property change compared to RT Ref. 
Thermoset resin 
Epoxy (DGEBA) CF Woven 173 ILSS↑3% [87] 
Epoxy (DGEBA) GF Woven 173 ILSS↑86% [87] 
Epoxy (DGEBA) AF Woven 173 ILSS↓32% [87] 
Epoxy (DGEBA) GF (G-
10) 
Woven 77 ILSS↑29%-85% (depending on 
specimen geometry) 
[93] 
Epoxy (DGEBA) GF (E-
glass) 
Woven 77 ILSS↓26% [89] 
Epoxy (DGEBA) GF (E-
glass) 
Woven 213 ILSS↓15% [89] 
Epoxy (DGEBA) GF (G-
10CR) 
Woven 4 ILSS↑113%-180% (depending on 
specimen geometry) 
[94] 
Epoxy (DGEBA) GF (G-
10CR) 
Woven 77 ILSS↑97%-156% (depending on 
specimen geometry) 
[94] 
Epoxy (DGEBA) CF 
(T700) 
UD 123 IPSS↑ [47] 
Epoxy (ML-
506) 
GF UD 213 𝐺12↑, ILSS↑ [61] 
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Epoxy (R608) CF 
(M40) 
UD 77 ILSS↑ [28] 
Epoxy 
(WSR615) 
GF Woven 77 ILSS ↑ [95] 
Epoxy (862) CF Woven 77 ILSS= [52] 
Epoxy (862) AF Woven 77 ILSS↓17% [52] 
Epoxy (913) GF (E-
glass) 
Woven 223 ILSS↑ [96] 
Epoxy (977-2) CF 
(T700) 
UD 77 𝐺12↑37%, IPSS↑10% [53] 
Epoxy (977-3) CF 
(T700) 
UD 77 𝐺12↑51%, IPSS↑17% [54] 
Epoxy (3633) CF 
(T800H) 
Woven 4 𝐺12↑139% [55] 
Epoxy (3633) CF 
(T800H) 
Woven 20 ILSS↓19% [91] 
Thermoplastic resin 
BMI (QY9611) CF 
(ZT7H) 
UD 153 𝐺12↑39%, IPSS↓29% [44] 
BMI (5250-4) CF (IM7) UD 77 𝐺12↑64% [65] 
BMI (5250-4) CF 
(T700) 
UD 77 𝐺12↑65%, IPSS ↑23% [53] 
PI (PETI-5) CF (IM7) UD 4 𝐺12↑35%  [46] 
PI (PETI-5) CF (IM7) UD 77 𝐺12↑26%  [46] 
 
2.2. Fatigue 
The fatigue of composites is driven by matrix crack initiation and accumulation. This 
cannot only occur because of pure mechanical loading, but at cryogenic temperatures, 
the excessive thermal expansion and subsequent thermal stresses can also fracture the 
brittle resin. Thermal cycling is a critical load case for: reusable launch vehicles (RLV) 
going to and returning from space, spacecraft and satellites operating in the shadow of 
Earth and in direct sunlight, and for COPVs due to repeated refuelling. To prevent 
matrix cracking, there are strict strain allowables in place (e.g. 0.5% tensile and 0.33% 
compressive for COPVs [97]), but these can lead to overweight structures. Hence, 
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there is a need to understand the fatigue of composites at cold temperatures to 
enable the design of fatigue-resistant components. 
2.2.1. Mechanical fatigue 
The mechanical fatigue strength of composites at lower temperatures is generally 
better than at room temperature [1,2,22,42,93,98–112]. To the authors’ best 
knowledge, the only exceptions in the literature are two studies carried out on the 
same CFRP specimens under mode I loading, where it was found that the crack 
propagation length was higher at -60 °C than at RT [113,114]. The fatigue performance 
increases with increasing fibre tensile modulus, and the rate of change is higher at 77 K 
than at RT according to [1,15], but the effect of fibre material was not assessed and 
could possibly be responsible for the difference. It was also found that going down 
from 77 K to 4.2 K the rate of crack propagation increases, possibly due to the 
decreased fracture toughness of the resin [98–100,103]. Moreover, there is a 
difference in matrix type, as toughened epoxy and thermoplastic resins provide higher 
fatigue resistance than brittles ones [2,113]. Based on open hole tensile fatigue tests, 
the fatigue life increases with decreasing temperature. However, if the load rate is 
increased, the opposite behaviour can occur: the fatigue life decreases with decreasing 
temperature [115]. 
The reason for the improved fatigue performance with decreasing temperature is the 
increased resin strength (see Section 2.1) and the increased fibre-resin interface 
strength (see Section 2.5) [22,109]. The latter can be observed in Fig. 3, where the 
fracture surfaces of woven glass fibre reinforced polymer specimens subjected to 
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mode I cyclic loading can be seen. At RT (Fig. 3a), the fibre surfaces are almost entirely 
free of resin debris, which indicates the low interfacial strength. By decreasing the 
temperature to 77 K (Fig. 3b), the fibres remain covered in resin, indicating improved 
interfacial strength. 
 
Fig. 3. SEM micrographs of typical fracture surfaces of GFRP woven laminates 
associated with mode I cyclic fatigue: a) at RT b) at 77 K (Reproduced by permission of 
the copyright holder from [109]. Selected images are cropped from the original figure.) 
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2.2.2. Thermal fatigue 
Mechanical fatigue tests are usually carried out purely for strength and stiffness 
evaluation, but thermal fatigue investigations also include permeability (see Section 
2.8), outgassing and vacuum [116–121] effects. Cycle times of interest can range from 
101 to 102 (e.g. refuelling of COPVs of RLVs) and up to 104-105 (e.g. satellite service 
life). To the authors’ best knowledge, there is no investigation in the literature above 
104 (104 is examined in [122]) due to the complexity of thermal cycling experiments. 
There are two main types of thermal cycling: from RT to CT and from high 
temperatures (HT) to CT. The former is a typical load case for insulated COPVs in 
launch vehicles, which are protected from the heat of sunlight and re-entry, whereas 
the latter is typical for satellite structures alternating between sunlight and the 
shadow of the Earth. A HT-CT cycle not only means the resin must be operational at 
HT, but the temperature difference (∆𝑇) and therefore thermal expansion is higher 
too. 
Cracks can occur even after the first cycle[123,124], and even if their density remains 
the same after subsequent cycles, the crack lengths can increase and contribute to 
higher permeability or lower material properties [124,125]. The number of cracks as a 
function of thermal cycles depends on several parameters. Subjected to higher ∆𝑇 
[126–129] and higher cooling rate [130,131], composites develop more cracks under 
the same number of cycles. Laminates with tougher resins [53,122,132,133], resins 
with lower CTE [132], fibres with lower CTE [132], fibres with lower modulus [132], 
fibres with sizing [134] and laminates with lower porosity [124] are more resistant to 
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crack development. Smoother surface roughness on the specimen [132] and lower 
laminate thickness due to smaller thermal stress gradient through-the-thickness [123] 
leads to fewer cracks. The crack formulation also depends on the layup 
[46,53,54,123,135–139] (Fig. 4). 
 
Fig. 4. Microcrack density in surface plies of laminates with different material and 
stacking sequence subjected to thermal cycling between RT and -196 °C (Reproduced 
by permission of the copyright holder from [53]) 
Several authors reported first increasing, then decreasing, then plateauing mechanical 
properties with increasing number of cycles [41,117,119]. The reason for the increase 
is the higher resin strength and stiffness at CT. This is followed by the decrease of 
properties, because of the accumulation of cracks and subsequent loss of strength 
overthrows the positive effect of CT on the material. Finally, the plateau is present 
because the matrix cracks relieve the stress concentrations in the material [119]. Other 
authors experienced first decreasing, then increasing, then plateauing properties 
[116,117,140];  constantly decreasing properties [117,135,141–144], constantly 
increasing [47], and unchanged properties [135,145,146].  
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There is a comprehensive coverage of thermal cycling in the literature and the 
correlation between the aforementioned parameters and the crack density as function 
of thermal cycles is well understood. However, the correlation between mechanical 
properties and crack density as function of cycles is unclear and needs further 
research. 
2.3. Fracture toughness 
Fracture toughness defines the damage tolerance of materials as their ability to resist 
crack propagation. Usually fracture toughness (𝐾𝐶) of the pure resin and critical strain 
energy release rate (𝐺𝐶) of the laminated composite material (interlaminar fracture 
toughnness) are measured. As 𝐺𝐶  is function of 𝐾𝐶, both properties are referred to as 
fracture toughness in this work, and are only distinguished by their symbols. However, 
𝐺𝐶  is also inversely proportional to the elastic moduli of the material (Young’s modulus 
for mode I and shear modulus for mode II), which are temperature dependent 
(increase with lowering temperature, see Section 2.1). Therefore a case can exist 
where the 𝐾𝐶  of the resin is higher at CT than RT, but 𝐺𝐶  of the composite material 
using the same resin is lower at CT. Hence, the 𝐺𝐶  characterisation of the composite 
material is necessary and material selection for cryogenic application shall not be 
based merely on the improved 𝐾𝐶  of the resin at CT. 
A number of studies have shown increased 𝐾𝐼𝐶  of pure epoxy at 77 K [27,37,147] or 90 
K [24] or 123 K [148] compared to RT, whereas one work presented a lower value at 
153 K [32] (see Table 6). The improved fracture toughness of a polymer is related to 
the molecular movement at cryogenic temperatures. As the chain mobility reduces, 
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the binding intermolecular forces between them increase (see section 2.1.1). This 
increases the fracture toughness. On the one hand, the “free volume” between the 
molecules almost disappears at cold temperatures, which supresses the stress 
relaxation at the crack tip, and leads to decreased fracture toughness. On the other 
hand, the “free space” within the molecules still exist, which alleviates the effect of the 
lack of free volume, and makes the stress relaxation possible, but much more limited 
as compared to RT (Fig. 5) [149]. Depending on the molecular structure of an epoxy, 
the available free space can differ at lower temperatures and may or may not be able 
to generate fracture toughness improvement. At near-zero temperatures, the 
molecular movement of the epoxy is frozen, which restricts the stress relaxation and 
leads to decrease in fracture toughness [149]. 
Table 6. Summary of the effect of low and cryogenic temperatures on fracture 
toughness of resins 
Resin T [K] Property change compared to RT Ref. 
Thermoset resin 
Epoxy (DGEBF) 90 𝐾𝐼𝐶↑43% [24] 
Epoxy (YD-114F) 123 𝐾𝐼𝐶↑130% [148] 
Epoxy (YD-128) 77 𝐾𝐼𝐶↑71% [147] 
Epoxy (828) 153 𝐾𝐼𝐶↓19% [32] 
Thermoplastic resin 
PI (PETI-5) 79 𝐾𝐼𝐶↑63% [37] 
PI (8515) 83 𝐾𝐼𝐶↑23% [37] 
PI (5050) 84 𝐾𝐼𝐶↑45% [37] 





Fig. 5. Schematic illustration of free volume and free space (Reproduced by permission 
of the copyright holder from [149]. Original figure redrawn.) 
Similar behaviour should occur with laminated composites, as the fracture is also 
dominated by the resin. However, among all the investigated composites in the 
literature, only half of the resins (CU125NS, DGEBA, SE-84, 133) showed increased 
properties and the other half (977-2, 977-3, 3501-6, 3631) showed decreased 
properties at cryogenic or low temperatures (see Table 7). This distinction is 
independent of fibre type (carbon or glass), ply type (UD or woven), and resin 
generation (untoughened “Generation 1” or toughened “Generation 2”). A possible 
explanation can be the discrepancies in experimental methods across the literature 
(see Section 3), which in enhanced by the sensitivity of fracture toughness 
measurement. 
Studies not included in Table 7 reported non-interlaminar fracture toughness 
measured by single-edge-notched bend [150] and tensile compact tension [151,152] 
specimens; fatigue behaviour [22,102,108]; and fracture toughness of adhesively 
bonded joints [153,154]. 
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Table 7. Summary of the effect of low and cryogenic temperatures on fracture 
toughness of composites 
Resin Fibre Structure T 
[K] 
Property change compared to RT Ref. 
Thermoset resin 
Epoxy (CU125NS) CF (T700) UD 123 𝐺𝐼𝐶↑ [155] 
Epoxy (DGEBA) CF (T700) UD 77 𝐺𝐼𝐼𝐶↑ [156] 
Epoxy (DGEBA) Alumina UD 77 𝐺𝐼𝐶↑80%, 𝐺𝐼𝐼𝐶↑80% [157] 
Epoxy (DGEBA) GF (G11) Woven 4 𝐺𝐼𝐼𝐶↑159% [158] 
Epoxy (DGEBA) GF (G11) Woven 77 𝐺𝐼𝐼𝐶↑144% [158] 
Epoxy (DGEBA) GF (G11) Woven 4 𝐺𝐼𝐼𝐼𝐶↑42% [159] 
Epoxy (DGEBA) GF (G11) Woven 20 𝐺𝐼𝐼𝐼𝐶↑57% [159] 
Epoxy (DGEBA) GF (G11) Woven 77 𝐺𝐼𝐼𝐼𝐶↑48% [159] 
Epoxy (DGEBA) GF (G11) Woven 4 𝐺𝑇𝐶↑60% (𝐺𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼)=0.76) [160] 
Epoxy (DGEBA) GF (G11) Woven 77 𝐺𝑇𝐶↑56% (𝐺𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼)=0.76) [160] 
Epoxy (DGEBA) GF (G11) Woven 4 𝐺𝑇𝐶↓10% (𝐺𝐼𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼𝐼)=0.77) [161] 
Epoxy (DGEBA) GF (G11) Woven 77 𝐺𝑇𝐶↑20% (𝐺𝐼𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼𝐼)=0.78) [161] 
Epoxy (DGEBA) GF (G11) Woven 4 𝐺𝑇𝐶↑6% (𝐺𝐼𝐼𝐼/(𝐺𝐼𝐼+𝐺𝐼𝐼𝐼)=0.75) [162] 
Epoxy (DGEBA) GF (G11) Woven 77 𝐺𝑇𝐶↑15% (𝐺𝐼𝐼𝐼/(𝐺𝐼𝐼+𝐺𝐼𝐼𝐼)=0.74) [162] 
Epoxy (DGEBA) GF (SL-E) Woven 4 𝐺𝐼𝐶↓13% [163] 
Epoxy (DGEBA) GF (SL-E) Woven 77 𝐺𝐼𝐶↑21% [163] 
Epoxy (DGEBA) GF (SL-E) Woven 4 𝐺𝐼𝐼𝐶↑96% [164] 
Epoxy (DGEBA) GF (SL-E) Woven 77 𝐺𝐼𝐼𝐶↑118% [164] 
Epoxy (DGEBA) GF (SL-
EC) 
Woven 4 𝐺𝐼𝐶↓14% [165] 
Epoxy (DGEBA) GF (SL-
EC) 
Woven 77 𝐺𝐼𝐶↑49% [165] 
Epoxy (DGEBA) GF (SL-
EC) 
Woven 4 𝐺𝐼𝐶↓8%, 𝐺𝐼𝐼𝐶↑90%, 𝐺𝑇𝐶↑89% 
(𝐺𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼)=0.59) 
[166] 
Epoxy (DGEBA) GF (SL-
EC) 
Woven 77 𝐺𝐼𝐶↑56%, 𝐺𝐼𝐼𝐶↑80%, 𝐺𝑇𝐶↑38% 
(𝐺𝐼𝐼/(𝐺𝐼+𝐺𝐼𝐼)=0.59) 
[166] 
Epoxy (SE-84) CF Woven 77 𝐺𝐼𝐶↑96% [167] 
Epoxy (133) CF 
(IM600) 
UD 4 𝐺𝐼𝐶↑ [168] 
Epoxy (133) CF 
(IM600) 
UD 77 𝐺𝐼𝐶↑ [168] 
Epoxy (977-2) CF (IM7) UD 77 𝐾𝐼𝐶↓1% (notched four point 
bending specimen) 
[169] 
Epoxy (977-2) CF (IM7) UD 77 𝐺𝐼𝐶↓ [170] 
Epoxy (977-2) CF (T700) UD 77 𝐺𝐼𝐼𝐶↓5% [53] 
Epoxy (977-3) CF (T700) UD 77 𝐺𝐼𝐼𝐶↓35% [54] 
Epoxy (3501-6) CF (AS4) UD 213 𝐺𝐼𝐶↓15% [114] 
Epoxy (3631) CF (T800) UD 77 𝐺𝐼𝐶↓27% [167] 
Thermoplastic resin 
BMI (5250-4) CF (T700) UD 77 𝐺𝐼𝐼𝐶↓5% [53] 





In most cases the impact behaviour of composite structures is studied to address low 
velocity impact of foreign objects (e.g. bird strike on aircraft), assembly and 
maintenance accidents (e.g. tool drop), and slam loading of ship hulls. In the field of 
cryogenic composites, two additional aspects need to be considered: high-velocity and 
hypervelocity impact due to space debris in orbit [171–176] and the flammability of 
propellants in COPVs due to ignition following an impact event [177–180]. 
The general trend according to literature is decreasing resin impact performance with 
decreasing temperature (see Table 8). The reason for this is the reduced resin ductility 
at cryogenic temperatures. This prevents the matrix from yielding and leads to lower 
energy required to break the sample [20] (Fig. 6). 
Table 8. Summary of the effect of low and cryogenic temperatures on impact 
behaviour of resins 
Resin T [K] Property change compared to RT Ref. 
Thermoset resin 
Epoxy (CYD-128) 77 𝐼↓2% [18] 
Epoxy (DGEBF) 77 𝐼↓37% [20] 
Epoxy (DGEBF) 77 𝐼↓ [25] 
Epoxy (R608) 77 𝐼↓12% [28] 
Epoxy (WSR615) 77 𝐼↓15% [29] 
Epoxy (YD-128) 77 𝐼↓33% [16] 
Epoxy (YD-128) 77 𝐼↓51% [181] 
Epoxy (YD-128) 77 𝐼↓28% [31] 
Thermoplastic resin 
PEEK 198 𝐸𝑎𝑏𝑠↓ [182] 





Fig. 6. Optical micrographs of the section at the impact point of a cross-ply CFRP 
laminate tested at 3 J. Top: RT, middle: -60 °C, bottom: -150 °C. (Reproduced by 
permission of the copyright holder from [184]) 
Some authors have reported improved impact behaviour at low and cryogenic 
temperatures, but these works investigated 3D integrated woven sandwich structures 
[185–187], tubes [188], 3D multiaxial warp knitted [189,190] or stitched laminates 
[191]. In these cases, the fibres with increased strength at CT take up the load-bearing 
role in the out-of-plane direction. Thus, the role of brittle resin with less ductility has 
less effect on the impact behaviour. Furthermore, thermoplastic resins can also 
increase the absorbed energy and impact strength compared to thermoset materials 
[19,192]. 
At low impact energy, the bending of fibres and the resin are responsible for energy 
absorption, where the latter results in lower absorbed energy at RT. However, at high 
impact energy, the fibre breakage becomes the main contributor and the structure can 
absorb more energy at CT [71,184,193–196]. In the high energy cases the fibre 
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contribution is further enhanced by the increased fibre-resin interface strength at CT 
(see Section 2.5), which mitigates the fibre pull-out mechanism during damage 
propagation and instead forces fibre fracture [197]. Table 9 summarises the effects of 
low and cryogenic temperatures on the impact behaviour of composites. 
Table 9. Summary of the effect of low and cryogenic temperatures on impact 
behaviour of composites 
Resin Fibre Structure T [K] Property change compared to RT Ref. 
Thermoset resin – Carbon fibre 
Epoxy (R608) CF 
(M40) 
UD 77 𝐼↑ [28] 






123 𝐸𝑎𝑏𝑠↑ [184] 
Epoxy (8552) CF 
(AS4) 
Woven 123 𝐸𝑎𝑏𝑠↓ (low impact energy) ↑ 
(high impact energy) 
[184] 
VE CF UD 173 𝐸𝑎𝑏𝑠↑130% [56] 
VE CF Woven 223 𝐸𝑎𝑏𝑠↓ [71] 
VE (510A) CF 
(T700) 
Woven 223 𝐸𝑎𝑏𝑠↓ (low impact energy) ↑ 
(high impact energy) 
[195] 
Thermoset resin – Glass fibre 
Epoxy GF Woven 223 𝐸𝑎𝑏𝑠↓3% (low impact energy) 




Woven 223 𝐸𝑎𝑏𝑠↓ (low impact energy) ↑ 
(high impact energy) 
[194] 





213 𝐸𝑎𝑏𝑠↓ (low impact energy) ↑ 
(high impact energy) 
[196] 
Epoxy (GY251) GF Woven 100 𝐸𝑎𝑏𝑠↓20% [197] 
Epoxy (GY251) GF Woven 199 𝐸𝑎𝑏𝑠↓12% [197] 




77 𝐼↑36% (transverse Charpy test) [189] 




77 𝐼↑43% (normal Charpy test) [190] 
Thermoset resin – Other fibre 
Epoxy AF+GF Woven 223 𝐸𝑎𝑏𝑠↓4% (low impact energy) 





Short fibre 198 𝐸𝑎𝑏𝑠↓ [182] 
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PEEK GF Chopped 
fibre 
20 𝐼↑32% [19] 
PEEK GF Chopped 
fibre  





77 𝐼↓8% [183] 
PUR GF (E-
glass) 
Woven 223 𝐸𝑎𝑏𝑠↑ [192] 
QI: Quasi-isotropic 
CAI strength is also reduced at low and cryogenic temperatures [193,195,198,199]. 
This occurs because the damage is more significant in specimens impacted at cold 
temperatures and the increased compressive strength measured on pristine specimens 
(see Section 2.1) cannot overcome this effect. 
2.5. Thermal expansion 
Thermal expansion is the driving phenomenon affecting the mechanical behaviour of 
composites at cryogenic and low temperatures. The difference in the CTE of fibres and 
resins is well known, but its effect is usually addressed at the ply level instead of the 
constituent level. This approach is generally sufficient to predict the thermal residual 
stresses and deformation of structures due to cooldown from cure to room 
temperature. In this case ∆𝑇 is typically between 95 °C and 155 °C with common 120 
°C and 180 °C cure epoxies. However, ∆𝑇 can be 450 °C in the case of a LHe COPV, 
which can initiate matrix cracking without the application of mechanical loading as a 
result of excessive thermal strains.  
Furthermore, there is a difference between the CTE of the fibres in the longitudinal 
and transverse directions [200]. In the direction of the fibre axis, aramid fibres and 
most carbon fibres expand during cooldown, whereas glass and basalt fibres contract. 
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In the transverse direction, aramid, glass and basalt fibres contract, and carbon fibres 
expand [1,82]. When combined with the resin, a complex stress state emerges (see Fig. 
7). The resin contraction and the carbon fibre transversal expansion generates 
compressive stresses on the fibre-resin interface, which increases the interface 
strength. This phenomenon is considered as a primary factor responsible for the 
improved mechanical properties of composites at CT, described in Section 2.1. As the 
CTE of the resin is usually one magnitude larger than that of fibres, and therefore it 
contracts more significantly, the same mechanism exists with transversally contracting 
aramid and glass fibres. It is also believed that the compressive stresses developed 
along the axis of longitudinally expanding fibres alleviate the tensile mechanical 
loading and result in higher ultimate tensile strength [64]. However, the increased 
tensile strength is not exclusive to fibres with negative longitudinal CTE (see Section 
2.1). 
 
Fig. 7. Deformation during cooldown on resins, fibres and composites. 
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There is also a CTE difference within the structure of a fibre. A carbon fibre consists of 
an inside so-called “proper fibre” with negative CTE, which is embodied by an outer 
shell called “disordered structure” with positive CTE. Due to the contraction of the 
outer layer and the expansion of the proper fibre at cryogenic temperatures, the outer 
layer develops cracks, which subsequently increase the surface roughness of the fibre, 
see Fig. 8 [201–204]. The increased roughness further enhances the interfacial 
strength between the fibre and the resin due to mechanical interlocking. 
 
Fig. 8. 7. Fracture surfaces of CF/epoxy composite three-point bending specimens: a) 
untreated b) cryogenic treated in liquid nitrogen for 10 min. (Reproduced by 
permission of the copyright holder from [202]. Selected images are cropped from the 
original figure.) 
Finally, the CTE is also temperature-dependent. For resins, it decreases with decreasing 
temperature [205–207] and it has a higher sensitivity than fibres [208]. The CTE of 
glass and aramid fibres also decreases with decreasing temperature, but in the case of 
carbon fibres, it increases with decreasing temperature (Fig. 9) [1,41,208]. For a more 
detailed, molecular level discussion and review about the temperature dependence of 
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CTE, the reader is referred to [207]. Thermal cycling also affects CTE at lower 
temperatures [4,119,209,210]. 
 
Fig. 9. Thermal expansion of UD fibre-reinforced laminates. (Reproduced by permission 
of the copyright holder from [1]. Original figure redrawn.) 
Using a low cure temperature (120 °C) instead of a high one (180 °C) on the same resin 
can increase the transverse CTE of the UD lamina by 38% and the CTE of the woven 
lamina by 91%, respectively. This is due to the lower levels of crosslink density. 
However, in both cases, the 60 °C lower ∆𝑇 outweighed the effect of higher thermal 
expansion coefficient and resulted in lower crack density when the specimens were 
cooled down to -100 °C [211]. 
Woven plies possess a unique property, where the out-of-plane thermal expansion of 
the lamina is higher than the expansion of the pure resin, which cannot be described 
by the rule of mixtures. This can occur because the fibres apply in-plane kinematic 
constraints on the resin, which prevents it from in-plane expansion. However, the 




On a structural level, near-zero CTE can be achieved at cryogenic temperatures by 
hybridising carbon and glass fibre plies [214] or off-angle (30°) plies [133,215] in the 
laminate. Also, the braid angle can be altered in braided composites to produce a near-
zero configuration [72]. 
Another way to mitigate thermal stress is to use single polymer composites, where the 
reinforcement and the resin are made of the same thermoplastic material, such as 
polypropylene (PP) [67]. 
2.6. Thermal conductivity 
Cryogenic structures must be insulated from the environment in order to ensure their 
operation, reduce freezing cost and in the case of pressure vessels, prevent boiling of 
the propellant. The lower the thermal conductivity (𝜅) of the composite structure, the 
more efficient the insulation becomes. Lower values of 𝜅 leads to lower thermal 
stresses in the support structure away from the cryogenic surface. Hence, an 
important measure of thermal behaviour of composites are their ratios of strength and 
stiffness to thermal conductivity, which is several times higher than for metals [5,7]. 
The thermal conductivity of composites is a temperature-dependent material 
property, with fibres having higher sensitivity to temperature than resins [216][216]. 
Between 4.2 K and 77 K, 𝜅 remains constant regardless of the fibre content in CFRPs, 
but at a higher temperature range (77 K – 300 K) the conductivity increases with 
increasing fibre content [5]. At temperatures above about 30K glass and aramid fibres 
have the lowest 𝜅, whereas below this temperature the conductivity of carbon fibres 
becomes lower [1,2], see Fig. 10. Because of this, when accounted for the strength and 
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stiffness to thermal conductivity ratios, hybrid structures can become the most 
suitable. An example of this are straps and struts having CT and RT at different ends. At 
the CT end, carbon fibre composites, and at the RT end, glass or aramid fibre 
composites have higher strength and stiffness to thermal conductivity ratios [2,14]. At 
very low temperatures below 4 K, Ventura et al. investigated Zylon and aramid fibres 
and glass fibre composites [217–221]. They also assembled a data bank for several 
neat and toughened polymer materials down to 4 K [222], Runyan et al. collected 
down to 0.3 K [223] and Kramer et al. [224] down to <1 K for different composites. 
 
Fig. 10. Thermal conductivity of UD fibre-reinforced laminates. (Reproduced by 
permission of the copyright holder from [2]. Original figure redrawn.) 
Some authors documented glass and carbon fibre epoxy composites to have about 
10% higher conductivity in the longitudinal direction, compared with the transverse 
direction [48,225,226], others reported that this is an order of magnitude for carbon 
fibre/epoxy [227], and that it can be two orders of magnitude higher for certain 
material systems, such as BMI resin with various carbon fibres [228].  
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Evseeva et al. measured the thermal conductivity of carbon fibre/epoxy composites 
after thermal cycling and found that 𝜅 decreases with increasing cycle times due to 
matrix cracking. The reduction was more significant in the fibre direction [227].  
2.7. Tribology and wear 
To improve the wear behaviour and reduce the friction of polymers, it is necessary to 
reduce the adhesion to the counterpart material and enhance the stiffness, hardness 
and compressive strength of the polymer [229]. As discussed in Section 2.1, with 
decreasing temperature the modulus and strength of the resin increases, and hardness 
increase at cold temperatures was reported in [26,230,231]. These effects mean that 
at CT, the material deforms less and establishes connection with the counter part on a 
smaller contact area, which leads to reduced friction [229]. 
Improved wear performance with decreasing temperature, or as a result of cryogenic 
treatment, was reported in the literature for single Kevlar fibres [40], as well as for 
various neat polymers [230–232], GF reinforced Polytetrafluoroethylene (PTFE) 
composites [233], hybrid PTFE/Kevlar fabric reinforced phenolic resin composites [234] 
and CF reinforced PTFE and PEEK composites [235]. 
Some authors reported a reduction in friction down to 77 K followed by increase 
between 77 K and 4.2 K [231,233]. This is believed to be as a results of the cryogen 
used, as LN2 has better cooling efficiency than He gas [233]. 
In some cases, short fibre reinforcement improved the frictional performance at RT, 
but in turn decreased it at CT compared to the neat resin case [230,236]. According to 
Indumathi et al. [230], this can be attributed to interfacial debonding between the 
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resin and fibre reinforcement at CT. This finding emphasises the importance of coupon 
level testing instead of constituent level testing: whereas the neat resin performs 
better at CT and the fibre-reinforced resin performs better than the neat one at RT, the 
combination of the two parameters in fact can reduce the wear performance. 
2.8. Permeability 
COPVs are one of the main areas of cryogenic composite applications and are 
extensively investigated in the literature due to their weight saving potential compared 
to metallic pressure vessels. However, the permeability of composite materials is often 
a limiting factor in cryotanks [237]. Permeability is both a molecular and 
microstructural property: diffusion is the phenomenon responsible for propellant 
atoms passing through the material; whereas leak is caused by the presence of layup-
dependent crack paths in the laminate [238] (Fig. 11). Diffusion is usually negligible 





Fig. 11. Crack induced pathway through a laminate (Reproduced by permission of the 
copyright holder from [241]) 
Considering purely thermal effects, gases have lower viscosity at cryogenic 
temperature, which increases flow rate [241]. However, this effect is overthrown by 
their lower molecular kinetic energy at cold temperatures resulting in lower overall 
flow rate [242]. However, thermomechanical effects at CT cause thermal stresses and 
subsequent matrix cracking in the structure. As the cracks develop and interconnect 
with each other across the laminate, leakage paths emerge. The presence of these 
cracks, and their increasing density with decreasing temperature and increasing 
thermal cycles, increase the overall permeability of the material, regardless of the 
thermodynamically preferable behaviour of gases at CT [124,132,243–246]. However, 
if the crack density and size of leakage paths plateau at a certain temperature, further 




Yokozeki et al. investigated the permeability of laminates in tension with different ply 
orientations between 0° and 90° plies. Plies with 30° angle contained longer cracks and 
developed networks, leading to higher leakage than plies with 45° and 60° 
orientations, which only developed shorter, unconnected “stitch” cracks [136]. 
Compared to long cracks and delaminations, unconnected microcracks are preferable 
in order to prevent the occurrence of leakage paths [247–249]. For laminates having 
only 0° and angle plies, the aforementioned tendency switched, and smaller angles led 
to higher a leak conductance [250,251]. The use of a quasi-isotropic stacking sequence 
showed higher crack density than cross-ply laminates in Grogan et al.’s work [123]. 
Bechel and Kim also highlighted the importance of 90° difference between adjacent 
plies in order to reduce crack propagation [53]. Similar laminates with small changes in 
orientation between plies have a lower tendency for micro-crack initiation [53,252]. 
Choi and Sankar reported reduced permeability using woven plies compared to UD 
plies [253], but these results are not fully comparable due to the thickness and 
strength difference between the two materials. 
Permeability of composite laminates exposed to cryogenic temperatures can be 
reduced by using toughened epoxy [53] or BMI resins [254], or thermoplastic resins 
[255,256], which have increased fracture toughness and can reduce matrix cracking.  
Metal liners can be used (type III COPV) instead of all-composite structures (type IV 
COPV), but the metal-composite interface generates further difficulties in 
manufacturing and increases weight [257]. Therefore, research was carried out on 
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replacing the solid metal liners with lighter, composite-compatible and non-permeable 
films [258–264]. 
2.9. Resin fillers 
It has been demonstrated above that cryogenic temperatures have a positive effect on 
the properties of resins in most cases. However, their failure strain and ductility 
reduces and composites have poor impact resistance at cold temperatures. Mainly 
driven by the mitigation of these effects, there is a growing interest in toughening the 
matrix with fillers. Nevertheless, the reinforcements can also affect other properties: 
improved strength and modulus, fatigue performance, fracture toughness, wear 
properties; and decrease thermal conductivity and CTE. The summary of the effect of 
resin fillers on the material properties of resins at low and cryogenic temperatures can 
be seen in Table 10, and only the main characteristics related to the properties at 
lower temperatures are highlighted below. 
Table 10. Summary of the effect of resin fillers on material properties at low and 
cryogenic temperatures. In those cases, where several amounts of fillers were 
investigated, only the most beneficial case is cited 




Epoxy (CYD-128) PEG Various 
wt% 
77 𝐸↑50% (5 wt%), 𝐼↑9% (10 
wt%), 𝑆𝑇↑68% (15 wt%), 
𝜀↓30% (10 wt%) 
[18] 
Epoxy (YD-128) R-MWCNT 0.5 wt% 77 𝐸↑68%, 𝐼↓34%, 𝑆𝑇↑24%, 
𝜀↓ 
[30] 










Epoxy (YD-128) GO 0.5 wt% 77 𝐸↑43%, 𝐼↓38%, 𝑆𝑇↑24%, 
𝜀↓15% 
[147] 
Epoxy (YD-128) GO/Fe3O4 0.5 wt% 77 𝐸↑44%, 𝐼↓40%, 𝑆𝑇↑23, 
𝜀↓20% 
[147] 




77 𝐸↑74% (1.0 wt%), 𝐼↓31% 
(0.5 wt%), 𝑆𝑇↑41% (0.5 
wt%), 𝜀↓ 
[31] 
Epoxy (YD-128) PBT 1.0 wt% 77 𝐼↓44% [181] 
Epoxy (YD-128) PC 1.0 wt% 77 𝐼↓46% [181] 
Epoxy (YD-128) PEI 0.5 wt% 77 𝐼↓45% [181] 
Epoxy (DGEBA) AlOOH 2.5 wt% 77 𝐺𝐼𝐼𝐶↑ [156] 
Epoxy (DGEBF) Nano-ZrO2 Various g / 
100 g 
epoxy 
90 𝐸↑201% (5 g), 𝐾𝐼𝐶↑19% (5 
g), 𝑆𝑇↑62% (1 g), 𝜀↓63% 
(1 g) 
[24] 
Epoxy (DGEBF) HTDE-2 10 wt% 77 𝐼↑, 𝑆𝑇↑, 𝜀↑ [25] 
Epoxy (DGEBF) Nano-
rubber 
15 phr 77 𝐸↑100%, 𝑆𝑇↑83%, 𝜀↓57% [27] 
Epoxy (DGEBF) MWCNT Various 
wt% 
77 𝐸↑70% (0.02 wt%), 𝐼↓20% 
(0.02 wt%), 𝑆𝑇↑60% (0.5 
wt%), 𝜀↓47% (2 wt%) 
[20] 
Epoxy (DGEBF) CCNT 1 wt% 77 𝐸↑41% [26] 




77 𝐸↑, 𝐼↓4%, 𝑆𝑇↑ [29] 
Epoxy (828) GO-PDA Various 
wt%  
153 𝐸↑155% (0.5 wt%), 
𝐾𝐼𝐶↑17% (2.0 wt%), 𝑆𝑇↑ 




1 wt% 77 𝐸↑, 𝑆𝑇↑, 𝜀↓ [265] 
DCPD Carbon 
nanofibre 
0.5 wt% 77 𝐸↑, 𝑆𝑇↑, 𝜀↓ [33] 
Thermoplastic resin 
PC MWNT Various 
vol% 
77 𝐸↑87% (1.0 vol%), 
𝑆𝑇↑135% (1.7 vol%), 𝜀↓ 
(1.0 vol%) 
[36] 
PES GO 0.5 wt% 77 𝐸↑, 𝐸𝐹↑, 𝑆𝐹↑, 𝑆𝑇↑, 𝜀↓, 
𝜀𝐹↓ 
[17] 
PP (HP500 M) Nanoclay 5 wt% 77 𝐼↓12% [183] 
AlOOH: Nanosheet boehmite, CCNT: Coiled carbon nanotube, FGS: Functionalized graphene 
sheet, GO: Graphene oxide, GO-PDA: Graphene oxide/poly p-phenylenediamine, HTDE-2: 
Polyester hyperbranched epoxy resin, O-MWCNT: Oxidised multi-walled carbon nanotube, 
PEG: Polyethylene glycol, R-MWCNT: Raw multi-walled carbon nanotube 
The increase of the binding forces at CT increases strength. This does not only occur 
between the molecules of the epoxy, but also between the molecules of the filler and 
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resin [16]. Moreover, additives increase the crosslink density of the polymer, which 
further increases strength [27], and the subsequently reduced chain mobility provides 
increased modulus. The mechanical locking of the polymer chains with the addition of 
fillers can enhance the available free space and free volume (see Section 2.3) in the 
matrix and improve fracture toughness at CT [148]. The same locking mechanism 
causes CTE reduction, which prevents the shrinkage of the resin molecules; combined 
with the negative CTE of the additives, which contributes to lower overall CTE based on 
the rule of mixtures. However, excessive content of fillers can increase the CTE of the 
resin [31]. 
A side effect of using additives with the resin is the change of glass transition 
temperature (𝑇𝑔). Usually the cure temperature is used as the stress free temperature 
for thermal residual stress calculations, however, the glass transition temperature is 
considered more accurate as the solidification occurs at this temperature [266]. Resin 
fillers usually increase 𝑇𝑔, which in turn increases ∆𝑇 and contributes to higher thermal 
residual stresses [181,267,268]. Thermal cycling can also increase the glass transition 
temperature [119,140]. 
The chosen wt% of the fillers and operating temperatures of the structure is critical. In 
some cases, the additive at a certain wt% can provide maximised property 
improvement at RT, but have a different optimal wt% at LT or CT [27]. Thus, it might be 
necessary to “give up” additional improvement at RT in order to achieve the best 
improvement at cold temperatures. 
46 
 
3. Experimental testing 
When using composites at cryogenic temperatures, the engineer must not only 
account for the differences in material properties compared to room temperature 
conditions, but also for the challenges related to the experimental testing at cold 
temperatures. This section highlights features and practices unique to cryogenic 
experimental procedures.  
3.1. Manufacturing method and specimen configuration 
Filament winding is the primary manufacturing method for COPVs. However, the 
manufacturing quality and therefore the performance can differ from laminated 
components. Therefore, filament wound flat specimens were used by Noorda et al. 
[269]. 
The volume restriction of cryogenic dewars fitted to testing machines requires the use 
of coupons with reduced size. This can lead to specimens with out of range dimensions 
and different shape (e.g. dog bone instead of rectangular [270]) to those specified by 
standards, therefore increasing the sensitivity of specimens to boundary conditions 
such as free-edge effects and clamping [78]. Several authors reported inconsistency in 
material properties measured at CT in the literature [22,55,124,271], and the deviation 
from standards is believed to be one reason for this. 
Charalambous et al. used asymmetric cut-ply coupons for fatigue delamination growth 
measurement, as this configuration does not need monitoring of the delamination 
length during fatigue testing [108]. Shindo and his co-workers proposed using open 
hole testing for indirect measurement of tensile strength, as these specimens fail at 
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lower load and are not affected by the stress concentration near clamping [55,272]. 
Shindo et al. noted that compact tension coupons are preferred because they require 
the least amount of test material to evaluate crack growth behaviour [22]. Pan et al. 
achieved reduced fixture size by a self-designed jig [273]. Four-point end-notched 
flexure specimens can stabilise crack-growth at CT compared to three-point end-
notched flexure testing [157]. In order to eliminate poor adhesive performance, Oliver 
and Johnson used bolted DCB specimens [170] and Coronado el al. used notched DCB 
specimens [114]. Kim et al. used emery cloth instead of woven glass fibre for tab 
material on tensile test coupons, as the latter can separate due to the CTE difference 
between GFRP and CFRP [41,47]. Furthermore, to prevent the slippage, wedge tabs 
can be used [43]. 
3.2. Testing medium 
The desired temperature can be achieved by submerging the specimen in cryogenic 
liquid, evaporating cryogenic liquid in an environment chamber or using heat 
exchangers while the specimen is subjected to air or vacuum (in-situ conditioning). 
Whereas these methods represent achievable temperature ranges, in some cases 
there is an overlap and the same experiment can be performed using different 
techniques (such as LN2 and He gas for 77 K [233]). It is crucial to use the medium 
representative of the operational condition of the component, as different approaches 
can lead to differences in measured material properties. This is due to the different 
cooling efficiency of the medium, which must counteract the heat dissipated at 
material failure and during abrasion. The type of medium also affects the permeability 
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measurement [274]. The presence of an oxidative medium (testing in air instead of 
nitrogen or vacuum) can degrade material properties and cause matrix shrinkage 
[121]. Yu et al. carried out impact testing on a specimen submerged in cryogen, but its 
effect was not discussed [275].  
The cooled down specimen can also be removed from the medium and tested in room 
temperature (ex-situ conditioning), assuming that the temperature of the component 
does not change significantly in the meantime. However, this method is not 
recommended, especially if the specimen gets into contact with the RT testing rig, 
causing an elevated rate of temperature change and thermal residual stresses in the 
coupon. 
The submerging method must also be taken into account. A typical application of 
cryogenic composites is COPVs containing cryogenic fuel. A temperature difference can 
be present between the inside and outside surface of the tank, e.g. fuelling of a launch 
vehicle in the launch pad. This leads to a temperature gradient and therefore strain 
and stress gradients across the thickness of the specimen, which can induce material 
failure [53,54]. However, this effect is disregarded in many cases as experiments are 
usually carried out by submerging the coupon in the cryogenic medium and testing it 
when the desired temperature is achieved across the whole specimen. Furthermore, 
the free-edge effect can disappear because of a lack of thermal gradient at the coupon 
edge but an existing thermal gradient away from the edge. Similar stress gradients can 
be achieved with resin edge treatment [238]. The free-edge effect is also related to 
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laminate thickness, as 16 ply laminates crack more than 8 plies due to a larger stress 
gradient [123]. 
3.3. Inspection 
The liquid cryogenic medium eliminates the possibility of visual observation and even if 
an environmental chamber is used, the presence of gas can interfere with digital image 
correlation results [276]. Therefore, acoustic emission is a preferred method for 
observation of failure at cryogenic temperatures. However, the background noise can 
be too high due to the boiling of the liquid cryogen [266,277]. 
Thermal expansion of strain gauges and the adhesive used to bond them on the 
specimen can lead to disengagement of the gauges. Therefore, cryogenic adhesives 
[167,278] and appropriate calibration is recommended. Aoki et al. also reported better 
accuracy with clip-on extensometers [3]. Crack gauges can be used for delamination 
length measurement, as the data is acquired based on resistance change in the gauge 
and visual access is not required [100]. 
4. Conclusions 
The properties of composite materials subjected to low and cryogenic temperatures 
have been reviewed. Generally, cold temperature has a positive effect on composites 
resulting in improved strength, modulus, fatigue and thermal properties. Contrarily, it 
causes a reduction in ductility, leading to lowered failure strain, fracture toughness 
and impact resistance. Some of these trends were identified by the review articles 
assembled almost three decades ago. However, the literature published since then has 
not only extended coverage to a wider range of materials, manufacturing methods and 
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experimental conditions, but also provided understanding of the underlying failure 
mechanisms occurring in the material, down to the molecular level. 
The authors outline the following areas of interest for future research of low 
temperature and cryogenic composites: 
 To address the decreased resin ductility, fillers have been shown as a promising 
approach. Most of the related literature only focused on the behaviour of resins, 
but implementing these additives into fibre reinforced composite material systems 
should be undertaken. 
 Microcracking of the laminate due to thermal shock and cycling is a limiting factor in 
permeability. Moreover, it can also cause a reduction in mechanical properties, 
which is a less understood phenomenon. Further studies are needed to understand 
this connection and provide predictive capabilities for the design of cryogenic 
structures. 
 New manufacturing procedures are emerging, and the characterisation of the 
resultant products at cryogenic temperatures is an untapped field. These include 
braided and 3D woven composites, which are addressed in this review. However, to 
the authors’ best knowledge, there is no published literature on the cryogenic 
behaviour of 3D printed composite materials. 
 There is a great debate over the appropriate methods of testing at cryogenic 
temperatures as standards usually do not address these conditions. Therefore, 
results from different test campaigns generate scatter across the literature. Not 
only do the methods need standardising, but improvement is also required with the 
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harmonisation of testing and inspection apparatus to eliminate the need for in-
house built equipment. 
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